O. majorana shoots were investigated for their essential oil (EO) composition. Two experiments were carried out; the first on hydroponic medium in a culture chamber and the second on inert sand in a greenhouse for 20 days. Plants were cultivated for 17 days in hydroponic medium supplemented with NaCl 100 mmol L -1 . The results showed that the O. majorana hydroponic medium offered higher essential oil yield than that from the greenhouse. The latter increased significantly in yield (by 50 %) under saline constraint while it did not change in the culture chamber. Under greenhouse conditions and in the absence of salt treatment, the major constituents were terpinen-4-ol and trans-sabinene hydrate. However, in the culture chamber, the major volatile components were cis-sabinene hydrate and terpinen-4-ol. In the presence of NaCl, new compounds appeared, such as eicosane, spathulenol, eugenol, and phenol. In addition, in the greenhouse, with or without salt, a very important change of trans-sabinene hydrate concentration in EO occurred, whereas in the culture chamber change appeared in cis--sabinene hydrate content.
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In medicinal and aromatic plants, the biosynthesis of secondary metabolites such as essential oils and their constituents is strongly influenced by environmental factors (6) . One of the most important environmental constraints that affect almost 50 % of irrigated areas is salinity (7) . This constraint generally modifies essential oil biosynthesis and its secretion (8) .
The essential oil yield of some species can change with age, growth cycle, climatic conditions, soil type and cropping pattern (9) . Culturing conditions can affect the quality of essential oil (10) . Moreover, the age of the plant has a significant effect on its essential oil composition (11) . However, there is no clear information on the possible influence of culture conditions on essential oil yield and composition in O. majorana. In this paper, we report on combined effects of NaCl treatment and culturing conditions of Tunisian marjoram aerial parts.
EXPERIMENTAL

Plant material
Marjoram (Origanum majorana L., Lamiaceae) plants were collected at the 6-leaf stage from a nursery located in Soliman in northeastern Tunisia (latitude 36°41' 47 N; longitude 10°29' 30 E; altitude 1500 m). These 11 days old plants were divided into two lots. The first was used for a hydroponic culture in eight-strength Hoagland's solution (12) . Plants were placed in a culture chamber under 16 h light/8 h dark conditions at 22/18°C, photosynthetically active radion at 150 mmol m -2 s -1 . The second lot of plants was transferred to plastic pots (1 plant per pot) filled with inert sand. Plants were irrigated with the same nutrient medium and placed in a greenhouse at 35°C (day) and 26°C (night). After 20 days of acclimatization, individual plants were grown without salt (control) or with NaCl (100 mmol L -1 ) for 17 days prior to harvest.
Essential oil isolation
Essential oil was extracted by classical hydrodistillation of fresh shoots (50 g) during 90 min according to Msaada et al. (13) . The distillate was submitted to a liquid-liquid extraction in diethyl ether and the organic phase was concentrated at 35°C using a Vigreux column. In order to quantify EO and its constituents, 6-methyl-5-hepten-2-one was used as an internal standard. Essential oil obtained was stored at -20°C prior to analysis. Each extraction was made in triplicate.
GC-FID
Gas chromatography analysis was carried out on a Hewlett-Packard 6890 gas chromatograph (Agilent Technologies, USA) equipped with a flame ionization detector (FID) and an electronic pressure control (EPC) injector. A polar column HP Innowax (PEG) and an apolar HP-5 column (30 m´0.25 mm, 0.25 mm film thickness, Agilent Technologies) were used. The nitrogen flow rate was 1.6 mL min -1 and the split ratio was 60:1. EO analysis was performed using the following temperature program: oven 35°C for 10 min, from 35 to 205°C at a rate of 3°C min -1 , and isotherm at 225°C for 10 min. Injector and detector temperature, were maintained at 250 and 300°C, respectively.
Retention indices were calculated using a homologous series of n-alkanes C6-C20.
GC-MS
GC-MS analysis was performed on a gas chromatograph HP 5890 (II) interfaced with a HP 5972 mass spectrometer with electron impact ionization (70 eV). A HP-5MS capillary column (apolar, 30 m´0.25 mm, 0.25-mm film thickness, Agilent Technologies) was used. Column temperature was programmed to rise from 50 to 240°C at a rate of 5°C min -1 . The carrier gas was helium with a flow rate of 1.2 mL min -1 ; split ratio was 60:1. Scan time and mass range were 1 s and 40-300 m/z, respectively.
Statistical analysis
All extractions and analyses were conducted in triplicate. Data were expressed as means ± SD.
RESULTS AND DISCUSSION
Essential oil yield
Plants growing under different culture conditions did not produce equal yields of EO and gave rise to different contents and compositions in plant shoots (Table I) . Thus, in the culture chamber, the essential oil yield based on dry mass, was 0.8 % in the control, and in the presence of NaCl (100 mmol L -1 ). In the greenhouse, EO decreased by a factor of two in the presence of salt.
In our previous work (14) we showed that Canadian O. majorana can tolerate a moderate NaCl concentration (50 mmol L -1 ) without modification in EO yield and composition. However, at a high NaCl concentration (100 mmol L -1 ), significantly modified essential oil yield and quality occured. Similar findings were reported for Salvia hispanica (8) . In contrast, salt addition enhanced EO yield in Oenothera biennis (8) . In the case of Mathiola tricuspidata, salinity did not exert any effect, on EO yield (8) . Diversity of the findings showed that the effect of salt on essential oil yield depends on the salt concentration, culture medium and tolerance of the species.
Culture chamber conditions: essential oil composition of O. majorana shoots
Gas chromatography analysis of essential oils from the culture chamber showed 44 compounds accounting for 99.86 % of the total EO (Table II) , as represented in Figs. 1 c,d . In control plant shoots, the main compound was cis-sabinene hydrate (43.66 %) followed by terpinen-4-ol (23.21 %), trans-sabinene hydrate (8.17 %) and a-humulene (7.30 %). Salt addition induced a decrease estimated at 4.40 % for cis-sabinene hydrate, 5.66 % terpinen-4-ol, 4.83 % trans-sabinene hydrate and 2.89 % a-humulene as compared to the control. In that case, EO was of cis-sabinene hydrate/terpinen-4-ol chemotype, which is responsible for the characteristic flavor and fragrance of marjoram.
Our results are in accord with those of Bronchio et al. (3) . Our previous data (14) showed that the essential oil of Canadian Origanum cultivated under the same conditions as the Tunisian one was found to be rich in trans-sabinene hydrate (47.67 %), and terpinen-4-ol (20.82 %).
Salinity had a significant effect (p < 0.05) on the composition and content of the major EO. In the culture camber cis-sabinene hydrate and terpinen-4-ol proportions were decreased, while their concentrations increased. In fact, NaCl (100 mmol L -1 ) increased cis--sabinene hydrate and terpinen-4-ol contents significantly (125 times to reach 20.60 mg g -1 and 6 times to reach 0.556 mg g -1 ) respectively. Despite these changes, O. majorana retained the same chemotype after salt addition.
In the culture chamber, an important bioconversion of EO composition of O. majorana shoots from trans-sabinene hydrate into cis-sabinene hydrate was detected (Table  II) . These two isomers are biosynthesized by the same enzyme, sabinene hydrate synthase (1). In fact, these culture conditions activate this enzyme, favouring the biosynthesis of cis-sabinene hydrate. Indeed, this is an intensive and spic component of marjoram, whereas the trans-sabinene hydrate does not have any typical properties of marjoram (1) .
Essential oil composition of shoots was characterized by the prevalence of terpenic alcohols in a proportion of 86.20 %, standing for cis-sabinene hydrate, trans-sabinene hydrate, and terpinen-4-ol, and 8.48 % for monoterpene hydrocarbons (Table II) . In the same context, Baatour et al. (14) indicated that the most represented class of EO components of O. majorana native to Canada was that of oxygenated monoterpenes, followed by monoterpene hydrocarbons and esters in control plants. A decrease in these different compound proportions was observed after salt addition, except for monoterpene hydrocarbons and phenols.
Greenhouse conditions: Essential oil composition O. majorana shoots
Thirty-two compounds were found to represent 99.55 % of EO (Table III) , as shown in Figs. 1 a,b . Independent of the applied treatment, terpinen-4-ol was detected as the major compound (31.77 %), followed by trans-sabinene hydrate (24.18 %) and a-ter- (9) , who reported that the major constituents were terpinen-4-ol, cis-sabinene hydrate, and trans-sabinene hydrate. Later investigations showed that some of the above main constituents were found in numerous EO samples of O. majorana. Novak et al. (1) mentioned that the main compounds of marjoram EO were the epimeric monoterpene alcohols, trans-sabinene hydrate, cis-sabinene hydrate, and cis-sabinene hydrate acetate. In fact, according to Vera and Chane-Ming (2), the main components were terpinen-4-ol and cis-sabinene hydrate in EO of O. majorana originating from Island.
Our results showed that NaCl modified the essential oil composition. In fact, new compounds appeared: eicosane, spathulenol, eugenol, and phenol (Table III) . However, myrcene, present in the control, disappeared under saline conditions. Indeed, a very important modification of EO composition was bioconversion from cis-sabinene hydrate into trans-sabinene hydrate. Culture conditions had an important effect on the transformation of these two isomers: from cis-to trans-sabinene hydrate under greenhouse conditions and from trans-to cis-sabinene hydrate under culture cham- (Table  III) . The composition of EO of O. majorana shoots is primarily made up of terpenic alcohols (78.27 %), followed by monoterpene hydrocarbons in the control (18.74 %). Salinity decreased the content of each class, except for aliphatic hydrocarbons and terpenic alcohols (Table III) .
The quality of the EO produced and its composition in Origanum majorana depends on culturing conditions (15) . Our findings are in accord with those of Avry and Gallouin (9) and Kotan et al. (16) . Essential oil of O. majorana plants cultivated in a greenhouse had lower level of flavor than EO of plants cultivated in the culture chamber due to the great difference in the cis-sabinene hydrate production. Therefore marjoram cultivated in the greenhouse was of higher quality than that cultivated in the culture chamber because of its high terpinen-4-ol concentration (Tables II, III) . The EO is believed to have had medicinal properties because of the presence of biologically active compounds such as terpinen-4-ol (5). In fact, terpinen-4-ol, a-terpineol, and linalool exhibited high antibacterial activity. O. majorana EO is known for its strong antimicrobial activity and could therefore be used in food applications.
CONCLUSIONS
Our data indicate high variations in quantitative and qualitative composition of O. majorana EOs produced under two conditions: greenhouse and culture chamber. The study showed that EO yield and composition depend on the culturing and climatic conditions. We observed an important modification in EO composition of O. majorana shoots by converting trans-sabinene hydrate into cis-sabinene hydrate in the culture chamber and cis-to trans-sabinene hydrate in the greenhouse. The EO of the latter was considered to be of higher quality than that cultivated in the culture chamber, because of its higher concentration of oxygenated compounds, particularly bioactive compounds such as terpinen-4-ol. 
